Clean renewable energy sources (e.g., solar, wind, and hydro) offers the most promising solution to energy and environmental sustainability. On the other hand, owing to the spatial and temporal variations of renewable energy sources, and transportation and mobility needs, high density energy storage and efficient energy distribution to points of use is also critical. Moreover, it is challenging to scale up those processes in a cost-effective way. Electrochemical processes, including photoelectrochemical devices, batteries, fuel cells, super capacitors, and others, have shown promise for addressing many of the abovementioned challenges. Materials with designer properties, especially the interfacial properties, play critical role for the performance of those devices. Atomic layer deposition is capable of precise engineering material properties on atomic scale. In this review, we focus on the current state of knowledge of the applications, perspective and challenges of atomic layer deposition process on the electrochemical energy generation and storage devices and processes.
I. INTRODUCTION A. Background
In order to alleviate the impact of greenhouse-gases on the global environment, it is predicted that by the year of 2050, at least 10 TW (10 Â 10 12 W) of power needs to be produced from carbon-neutral energy sources. 1 This is almost equal to the energy provided by all of today's energy sources combined. Several environmentally clean alternative renewable energy sources (e.g., wind, hydro, solar), are the most promising solutions to address this tremendous challenge. 1 For example, as an inexhaustible natural energy source, approximately 4.3 Â 10 20 J of energy strikes the earth every hour, which is roughly equal to the amount of energy needed for the entire human population over an entire year (4.5 Â 10 20 J). 1 Unfortunately, major challenges also exist beyond supplying such a large amount of energy from carbon-neutral sources. Owing to the transportation and mobility needs, 2 and temporal and spatial variation of renewable energy sources, 1 high density energy storage, 3 and efficient energy distribution to points of use are critical issues as well. Cost effectively scale-up energy production, distribution and storage systems presents another great challenge for energy sustainability. 1 Electrochemical processes offer promising solutions to these challenges, including photoelectrochemical (PEC) devices, 1, 4 batteries, 2 ,3 fuel cells, 5 super capacitors, and others.
B. Electrochemical processes
In a typical electrochemical process, the properties of the electrodes and electrolytes as well as the interfacial properties between the electrodes and electrolytes all play critical roles for the device performance. 6 In order to achieve desired device performance including for example a high capacitance, high reliability and high energy conversion efficiency, one must utilize "designer materials" with tunable physical and chemical properties. This requires sophisticated methods to assemble materials at various scales, including molecular, nano, microscopic, and macroscopic levels. For this purpose, researchers develop and explore a variety of materials engineering methods. Each has their own advantages and disadvantages. In this review, we will mainly focus on the atomic layer deposition (ALD) process. Although ALD has been widely applied to microelectronics and other related applications over the past several decades, 7 it is a relatively new a) Electronic mail: qing.peng@duke.edu b)
Electronic mail: jeff.glass@duke.edu c) Electronic mail: gnp@ncsu.edu technique that is just beginning to emerge as an important method for electrochemical devices and processes.
C. The unique nature of ALD processes
As shown in Fig. 1 , ALD is a cyclic process involving sequential self-limiting surface reactions. [7] [8] [9] [10] During ALD, a volatile precursor (typically a metal-organic molecule) and a coreactant (typically oxidizing or reducing agent) are delivered in a time-sequence, isolated from each other by an inert gas purging step. This sequential delivery scheme eliminates homogeneous reactions, and permits the individual halfreactions to proceed to completion during each delivery cycle. [7] [8] [9] [10] Owing to the self-limiting nature, the coating thickness can be tuned to submonolayer precision over very large surface areas. [7] [8] [9] [10] Even more interesting is that by alternating different ALD chemistries, one can synthesize nanocomposites or even molecular composites with controlled compositions and properties. [7] [8] [9] [10] For most ALD processes, the reactants are introduced as vapor into a vacuum (1-2 Torr) reactor. The high diffusion coefficients of vapors and lack of surface tension, in conjunction with the cyclic surface reaction mechanism, enable highly conformal coverage onto substrates with high surface areas and complex morphologies. Due to these unique properties, ALD has attracted substantial interest in both the scientific and industrial communities for its potential to address a variety of challenges in energy related electrochemical processes.
II. ATOMIC LAYER DEPOSITION FOR PHOTOELECTROCHEMICAL WATER SPLITTING
A. Introduction to photoelectrochemical water splitting Solar radiation is an attractive primary energy source. Conversion of solar energy into chemical fuel in a cost-effective way is considered to be a "holy grail"
11 of renewable energy. PEC processes offer the most promising ways to convert solar energy into fuel (e.g., H 2 , CH 3 OH), especially H 2 . 4, 11, 12 Since 1972, 13 there has been substantial progress in PEC water splitting research to generate H 2 , particularly in understanding the mechanism and optimizing material performance. 4, 12, [14] [15] [16] [17] [18] Principle diagrams of representative PEC water splitting devices, are shown in Fig. 2 . The photoelectrode absorbs light, which excites valence electrons into the conduction band, leaving holes in the valence band. The excited electron/hole pair must then be separated and migrate to the interface between the semiconductor and electrolytes to react with the oxidizing agent (i.e., water/hydroxide) and reducing agent (i.e., water/protons) in the electrolyte respectively. Generally, for p-type semiconductor/liquid junction, electron migrates to the interface of junction and for n-type semiconductor/liquid junction, hole migrates to the interface junction. In order to carry out the water splitting reaction efficiently, there are several important parameters that must be optimized. 4, 11, 12, 15 (1) The semiconductor conduction band edge must be more negative than the redox potential of H þ /H 2 (0 V versus NHE, while the valence band edge must be more positive than the redox potential of H 2 O/O 2 (1.23 V versus NHE, as shown in Fig. 2(a) . [11] [12] [13] This requirement can be relaxed by using a tandem cell [two semiconductors of small band gap connected in series, e.g., dual band gap device, as represented by Fig. 2(b) ]. 11, 12 (2) In order to maximize the amount of solar spectrum that is utilized, the band gap of the semiconductor should be $ 2.0 eV since $ 46% of natural sun light energy is from visible light and only 4% is from UV light. 15 For instance, although the conduction band and valence band edges of TiO 2 straddle the redox potentials of H þ /H 2 and H 2 O/O 2 , the overall efficiency of water splitting reaction is less than 1%. It is primarily due to the large bandgap of TiO 2 ($3.0 eV), which allows only UV light to be absorbed to generate the excited electron-hole pairs. An alternative approach is to use a tandem cell to provide complementary light absorption for higher conversion efficiency as represented by Fig. 2(b) . 11, 12 Dye sensitized electrode in PEC cells, as illustrated in Fig. 2(c) , 17, 19, 20 can also help absorb a broader spectrum of sunlight. (3) The photon-to-electron efficiency (quantum efficiency) of the PEC system needs to be high (close to 1), which requires a slow charge recombination rates, long charge separation lifetimes, and high mobilities of charge carriers. Smaller lengths for charge diffusion/transport, low densities of recombination centers, and competitive charge transfer rate relative to the recombination rate, promote higher quantum yields of charge separation and fuel production. (4) The overpotential, which is the additional voltage beyond the thermodynamic potential that is required to achieve a certain rate of the desired reaction, should be minimized. Many factors contribute to the overpotential, including the catalyst structure, the mechanism of water oxidation or reduction that is at play, the nature of the semiconductor/electrolyte surface, and the interplay between the surface and catalyst active sites. (5) The semiconductor, catalyst and other components that compose the electrode need to be stable during the PEC process and in the dark. For example, Si (bandgap $1.1 eV, absorbing a large part of sun spectrum), a potential photoanode candidate for water splitting, is chemically unstable at the water oxidation potential. 21 Based on the above understanding, a wide range of material systems have been explored and different strategies for engineering materials to satisfy those requirements have been developed and reviewed in the literature. 4, 12, 15, 22, 23 The PEC water splitting devices are classified into different types including single semiconductor/liquid junction cells, multijunction tandem cells, dye sensitized semiconductor cell etc as shown by the examples in Fig. 2 . 11, 12 Table I provides a list of some of the highest reported PEC water splitting efficiencies using either single photoelectrode or tandem cell arrangements. A few of the reports also present results regarding device performance under prolonged irradiation, and stability data for those devices is also included in the table. For single semiconductor/liquid junctions, the highest solar to hydrogen conversion efficiency to date is $13.3% using a device fabricated with p-type indium phosphide, p-InP, decorated with Rh and Re catalysts. 24 However, the electrode surface's passivating oxide layer had to be restored every 5 min in order to maintain high efficiency PEC working conditions. Single junction devices suffer either from electrode corrosion (small bandgap materials) or low absorption of visible light (large bandgap materials). 4, 12 Dual bandgap tandem cells, which can utilize more solar spectrum, can provide even higher efficiencies, 4, 12 and water splitting cells with high photon-to-fuel efficiencies have been reported. For example, Khaselev and Turner reported a conversion efficiency of 12.4% for the dual band structure device comprising a p-GaInP 2 /Pt photocathode coupled with a p-n GaAs junction, 25 whose principle is shown in Fig. 2(b) . The electrode was stable for more than 20 h before degradation. Licht et al. reported a complex AlGaAs/Si photovoltaic backed RuO 2 /Pt electrode with a solar to hydrogen efficiency of $18%. 26 The operational stability of the electrode was more than 12 h. 26 However, the cost for such a cell is prohibitive for large scale implementation due to the low production rate of high quality III-V semiconductors and precious metal catalysts. Bockris and coworkers constructed a 8.2% solar fuel cell consisting of a p-type single crystalline InP photocathode coated with Pt islands and an n-type single crystalline GaAs photoanode coated with a thin MnO 2 layer. 27 The efficiency of this device is quite impressive; however, the use of single crystal materials and materials with low earth abundance suggests expensive scale-up. Although progress has been made in PEC water splitting research and results are promising, significant development is needed to achieve a lowcost, high efficiency PEC water splitting device that also exhibits long-term stability preferably on the timescale of years.
Gratzel and coworkers have coupled low-cost dye-sensitized solar cell (DSSC) photovoltaic devices (see Sec. III for a more detailed description) with nanostructured n-type earth abundant photoanode materials such as Fe 2 O 3 (Refs. 12, 28) and WO 3 . 4 The efficiencies of these devices are low compared to the single-crystalline tandem cells mentioned above, but results suggest that low-cost and high efficiency water splitting devices could ultimately be achievable. The discussion below presents what ALD can offer to address these research challenges and make PEC energy conversion more realistic.
B. Atomic layer deposition for protecting photoelectrodes
To be commercially viable, photoelectrodes must be stable over long time periods, 4, 12, 15, 29, 30 ideally for several years. The stability problem is exceptionally challenging owing to (1) the corrosive environment of the basic and acidic electrolytes in the dark or under illumination, (2) photocorrosion due to the presence of photodecomposition pathways that are promoted by the presence highly energetic holes and electrons under illumination; (3) corrosion caused by the products generated during electrochemical water oxidation and reduction. An important determinant of the photochemical stability of an electrode material is the electrochemical potential of the corrosion reaction (e.g., oxidation, metal cation reduction) and where it lays on an electrochemical scale with respect to water oxidation/reduction potentials. For water reduction at a photocathode, the electrochemical potential of the corrosion reactions should lie more negative than the H þ / H 2 potential. For water oxidation at a photoanode, the corrosion reaction should ideally lie more positive than the H 2 O/ O 2 potential. Otherwise, corrosion will be thermodynamically favored over the desired water splitting half reactions. 12 For most elemental and nonoxide semiconductors, the electrode oxidation proceeds at a potential negative than the water oxidation, resulting in significant corrosion. 31 In addition, highly energetic carriers available under illumination can promote reactions that would not readily proceed in the dark, although it is important to note that some key corrosion reactions proceed readily in the dark. A common example is dark oxidation of p-type electrodes, such as Si, GaAs, GaP. 31 For semiconductors with large bandgaps (e.g., TiO 2 , Nb 2 O 5 ), corrosion is less of an issue, 4 however, the band gap limits the amount of visible light that can be absorbed. On the other hand, small bandgap materials which have good visible light absorption, are typically more prone to the undesirable (photo) corrosion side reactions. 12, 15, 29, 30 Two approaches to achieve stable PEC device performance include (i) kinetically promoting the desired redox reaction (e.g., with a tuned catalyst or tuned redox couple) so that it becomes favored over the undesired corrosion reaction 32 and (ii) blocking the undesired reaction by passivating the surface to oxidation or reduction, using organic 33 or inorganic passivation layers. 29, 30, 34 Unfortunately, there are trade-offs in these two approaches. That is, catalysts that enhance the redox reaction rate also often promote the corrosion rate (catalyst with high selectivity desired) and surface passivation approaches typically impede the desired redox reaction rate. In the following section, the application of ALD for protecting electrodes from corrosion will be discussed.
As discussed in Sec. I, ALD offers a unique capability to coat complex geometries with a conformal and uniform film with well-controlled thickness down to the submonolayer level. Thimsen, Gratzel, and coworkers 35 have recently demonstrated nanolaminates formed by ALD for protecting Cu 2 O (p-type oxide, bandgap $2 eV) under solar illumination in the proton reduction (H 2 generation) environment. It is well-known that an unprotected Cu 2 O photocathode is readily degraded to Cu under illumination at applied potential due to the following photodegradation reaction:
Several nanolaminate structures consisting of ZnO/Al 2 O 3 / TiO 2 layers, generated by ALD, were applied to Cu 2 O and systematically evaluated. 35 The first interesting finding was that although TiO 2 satisfied the bandgap energetics requirement for acting as a protective layer, a TiO 2 ALD coating alone, even up to 30 nm, did not protect the Cu 2 O electrode from undergoing photoreduction. This result was ascribed to pin holes in the TiO 2 ALD film. Secondly, a 20 nm ZnO ALD buffer layer between the Cu 2 O and the 10 nm TiO 2 coating was found to help chemically stabilize the Cu 2 O electrode, producing reasonably stable performance for about 1 h. The ZnO ALD process was believed to generate denser nucleation sites on the Cu 2 O substrate and enhance the quality (i.e., reducing the number of pin holes), of the subsequent TiO 2 film grown by ALD. It is worth noting that the electrodeposited Cu 2 O electrodes have a rough and irregular surface morphology as shown in Fig. 3(a) . It is very challenging for other methods, including chemical vapor deposition, physical vapor deposition and sol-gel methods to form such a thin ($10 nm level) conformal protecting layer onto this type of surface. Thus, ALD offers a very attractive, if not the only viable method, to form a protective overcoat onto the substrate. The results also suggest that the protective properties of the ALD coating are further enhanced by doping the ZnO with Al 2 O 3 , which enhanced the conductivity of the ZnO and maintained the desired bandgap energetics. 35 This could potentially be further refined through prudent choice of dopant and doping levels to tune the band edge as desired.
The effect of ALD coatings on a nanostructured Fe 2 O 3 photoelectrode was also evaluated by Gratzel et al. 36 An ultra-thin coating of Al 2 O 3 (< 2 nm) resulted in a large overpotential drop by as much as 100 mV and significant increases in the photocurrent (from 0.24 to 0.85 mA/cm 2 ) at 1.0 V versus the reversible hydrogen electrode under standard illumination conditions. The dramatic improvement in performance was ascribed to the passivation of surface states by the Al 2 O 3 ALD process. It is interesting to note that a TiO 2 ALD overcoating onto the Fe 2 O 3 photoelectrode did not show any improvement in the electrode performance. It would be valuable to elucidate the mechanism behind of the different effects of TiO 2 and Al 2 O 3 overcoating on Fe 2 O 3 and other related electrode materials.
In another recent study, Chidsey and coworkers 37 demonstrated that the ALD of an ultrathin conformal oxide could function as protecting layer for silicon photoanodes for water oxidation. The layered structure of a protected Si electrode is shown in Fig. 3(b) . Even though the silicon bandgap of 1.1 eV is too small to achieve water splitting, silicon is an interesting photoanode material due to its: (1) and (3) well-understood and controlled chemical and physical properties. However, silicon rapidly oxidizes under PEC water oxidation conditions preventing it from performing well in tandem water splitting devices. 21 Although different methods, including vapor deposition 29, 30 and doping, 38 have been adapted for protecting Si photoanodes, they have generally not been successful, possibly due to defects in the protecting layer or increased resistance due to excessive coating thickness blocking hole transport to the semiconductorelectrolyte interface. Chidsey et al. 37 found that 2 nm of conformal TiO 2 deposited by ALD acts effectively as the protecting layer and simultaneously allows carrier tunneling. It is interesting to point out that Thimsen et al. have found that TiO 2 ALD alone (up to 30 nm) could not protect Cu 2 O. 35 These apparently contradictory results could possibly be due to the different surface nucleation phenomena in ALD deposition on substrates with different surface chemistries, e.g., Si-OH versus Cu-O x , with different ALD chemistries, (tetrakisdmethylamido titanium versus titanium tetraisopropoxide), under different growth temperatures (200 C versus 120 C). This indicates that understanding and controlling the ALD surface deposition mechanism on different substrates is indeed necessary to obtain the designed material properties.
C. Atomic layer deposition for synthesizing photoelectrodes
In addition to protective layers, ALD can also been used to deposit active semiconductor layers for PEC water splitting. Liu et al. have utilized ALD to coat TiSi 2 nanonets with TiO 2 , 39 which serves as the photoactive layer. The assynthesized TiSi 2 /TiO 2 nanostructure, as shown in Fig. 3(c) , provides a larger photocurrent than a TiO 2 ALD film alone owing to the high surface area conductive TiSi 2 . The ALD process offers several unique advantages here. First, the precise thickness control from ALD of TiO 2 enables optimization of the tradeoff between the light absorption, for which the optimal thickness is close to the depletion layer width, and charge separation, for which a thinner film is better. Secondly, the capability of ALD to coat complex three dimensional (3D) structures with uniform and conformal films offers another degree of engineering capability. It enables increased light absorption due to the higher overall surface area in the nanostructured TiSi 2 relative to the projected area. The same authors used ALD in a more sophisticated way to dope the TiO 2 anatase matrix with W by adjusting WO x and TiO 2 ALD cycle ratio. 39 This lowers the bandgap of TiO 2 and enables visible light absorption as illustrated in Fig. 3(d) 41 which is a widely studied compound as the water oxidation electrode material with an overall efficiency close to 1%. It should be noted that the WO 3 ALD process in this work used the precursor [(t-BuN) 2 (Me 2 N 2 )W], which does not involve the corrosive byproducts generated by the usual W ALD precursor (WF 6 ). 42 This mitigates the environmental concerns associated with fluorinated compounds.
D. Prospects for ALD in photoelectrochemical water splitting devices
Although there are only a few published studies, ALD has been shown to be a very promising method for tuning the interfacial chemical and physical properties of the electrodes in PEC water splitting processes. Although semiconductor based PEC devices are the primary focus of current ALD research. It could potentially find applications in other types of PEC water splitting devices. 16, 17, 19 As an advanced atomic-level material engineering technique, ALD has exceptional potential for water splitting and solar fuel research in the following topics in the future.
Bandgap engineering for photoelectrochemical electrodes
Bandgap engineering is the process of tuning of the energetics of materials to achieve desired device properties. Few materials studied to date provide a visible-light active photoelectrodes capable of generating electrons and holes with enough energy for water reduction and oxidation, along with chemical stability. There is very little reported research about using ALD to engineer photoelectrode bandgaps and band energies. Owing to the layer-by-layer growth process, ALD can precisely dope or alloy a material and tune its bandgap. For example, Torndahl et al. demonstrate that the bandgap of MgO doped ZnO is tunable from 3.2 to 4.0 eV by adjusting the MgO cycle ratio in the ALD process. 43, 44 Then ALD Mg x Zn 1 À x O film has been successfully used as a buffer layer for improving the CIGS (Cu(In,Ga)Se 2 ) solar cell efficiency. 43 As another example, the ZnO(S) bandgap can be adjusted by tuning the ZnS/ZnO cycle ratio during the ALD. This has been demonstrated by several groups, 45, 46 and has been successfully used as a buffer layer for CIGS based solar cells. 45 Cd x Zn (1Àx) S is another example of a material that has a tunable bandgap by tuning Cd composition through the ALD process. 47 In general, other types of doped materials with tuned properties are also possible with ALD, including, e.g., oxides, (oxy)nitrides, (oxy)sulfides, and others. In conjunction with the high conformality of ALD film, precise thickness controllability and large library of ALD chemistries, this strategy will provide a general useful method for engineering electrodes, especially those with complex morphologies and high surface area, to form the protecting layer or heterojunctions for improved light harvesting and incident photon-to-fuel efficiency.
The ALD approach could also potentially contribute towards the optimization of interfacial energetics for photoelectrodes by chemically change the surface condition of the electrodes. 7, 48 It has been shown that surface grafted molecular layers can tune the band edge position of semiconductor photoelectrode. 49, 50 ALD is an excellent process for chemically modifying substrates with sub to monolayers of different molecules. 7, 9 This, in principle, can provide beneficial applications in grafting designed functional molecules for tuning surface dipole properties, band edges, and surface state density of the electrodes.
Catalyst engineering for photoelectrochemical electrodes
Catalyst engineering is another key strategy for achieving more efficient PEC water splitting. 12, 15, [51] [52] [53] The photogenerated electron or hole can transfer from the host photoelectrode to the corresponding catalyst, which will trap it and kinetically promote the water reduction or oxidation Noble metals, including Pt, Au, Pd, Ag, and Rh, and metal alloys, 12, 15 have been widely used as catalysts for water reduction to improve reaction rates. RuO 2 , NiO, IrO 2 , and Co 3 O 4 12,15,19 are common useful catalysts for the water oxidation reaction. Typically, noble metal or metal oxide catalysts are loaded onto photoelectrodes as nanometersized colloidal particles. The properties of these catalysts depend on their size, crystal structure, shape, and composition as well as the substrate. 54 ALD is emerging as a useful method to engineer catalyst particles at the atomic level. [55] [56] [57] [58] [59] As demonstrated by Christiansen et al. Owing to the development of noble metal 60 and transition metal ALD processes, 61 one can imagine a large number of different catalyst nanoparticles with tunable properties that can be synthesized by ALD. Surface passivation layers, such as organic ligands, which typically result from solvothermal and hydrothermal nanoparticle synthetic methods are avoided with the ALD process. This passivation layer is used to protect the catalyst from sintering and is undesirable for catalysis applications. 54 More interesting, ALD has been creatively used by several groups 57, 62 to protect the catalyst from sintering in a high temperature reaction environment. This principle could be readily extended to protect catalysts on PEC electrodes to extend catalyst lifetimes. It is also possible to synthesize complex catalyst nanoparticles using ALD, e.g., core-shell, yolkshell, etc., to achieve desired properties. Although there is few research studies on catalyst engineering by ALD for PEC water splitting application, ALD will have a tremendous opportunity in this field.
3. Nanostructure engineering for photoelectrochemical electrodes Nanostructured materials have attracted significant interest for improving the performance of photoelectrodes in PEC cells owing to their unique properties, including decoupled light absorption and charge carrier diffusion, 12, 15 high junction areas between electrolyte and electrodes, 12, 15 and high densities of reactive sites on electrodes. 12, 15 Moreover, the surface area of the nanostructured electrodes has an optimal value for the following reasons: (1) while a large photocurrent can be achieved with a photoelectrode of larger surface area, the photovoltage decreases with increasing junction area (! 60 mV per order of magnitude increase in junction area) 12 and (2) light absorption increases with the surface area of the nanostructured electrodes. As a result, the dimensions of the features inside of nanostructured photoelectrodes should be comparable to the charge diffusion length, while simultaneously providing an optimal surface area for achieving higher photovoltage and maximal light absorption. ALD is a powerful technique for synthesizing various kinds of nanostructures including nanotubes, porous nanomaterials, nanospheres, core-shell nanomaterials, and other more complex nanostructured materials. 9, 63, 64 With its unique film thickness controllability, ALD offers a unique opportunity to optimize the surface area of nanostructured materials to advance PEC performance.
III. PHOTOELECTROCHEMICAL REGENERATIVE SOLAR ELECTRICAL DEVICES A. Introduction of photoelectrochemical regenerative solar electrical device
Photovoltaic devices directly convert solar energy to electrical energy, and are currently dominated by Si and other solid state junction devices. Those devices generally suffer from high costs per watt and there is a concern over the future costs due to the low earth-abundance of some of the materials used. There is an increasing awareness that truly scalable photovoltaic devices are only possible if they are fabricated using low-cost processes with earth-abundant materials.
4,65-67 PEC regenerative cells represent an alternative device design to convert photon energy into electric power. In these devices, the solid state junction is replaced by a semiconductor/electrolyte (polymer, liquid or gel) junction containing a reversible redox couple. Photons with energy larger than the band gap excite electrons, and leave holes in the valence band. Under the electrical field generated by the depletion layer, a photogenerated electron moves through the bulk of the semiconductor to the current collector, then to the counter electrode through an external circuit. At the counter electrode the electrons will reduce the oxidized form (A) of the redox couple to produce an electron donor D. 4 The positive holes are driven to the semiconductor surface to oxidize the reduced form (D) of the redox couple to the oxidized electron-accepting form, A. In order to achieve high photocurrents, small bandgap semiconductors (< 2 eV) are favorable; however, semiconductors with such a small bandgap are generally not stable under the electrochemical environment.
The dye sensitized solar cells 65, 66, 68 (DSSC) is one type of regenerative PEC device that decouples the light absorption and charge-generating functions. The simplified principle of DSSC is shown in Fig. 4 . 4 In these devices, a visible-to-near infrared (NIR) chromophore (also known as dye or sensitizer, e.g., Ru(II) polypyridyl coordination compounds, quantum dots, organic dye) is attached to the surface of a nanostructured wide bandgap semiconductor such as TiO 2 . Light absorption by the sensitizer produces an excited state which injects electrons into the acceptor states of the n-type semiconductor. Since 1991, 65 extensive research in dye engineering and semiconductor nanostructures implementation, including nanoparticles, nanotubes, nanorods, and nanofibers, has optimized the performance of DSSCs. For a single junction DSSC cell, an efficiency of $11% has been reported. 66 In order to improve the efficiency further, three components need to be engineered: (1) dye molecule with bandgap that extends photon absorption into the NIR without sacrificing injection yields and oxidized dye regeneration rates, (2) maximizing open circuit voltage by increasing the energy difference between the Fermi level of the semiconductor and the redox couple, and (3) an engineered photoanode that minimizes charge carrier recombination while promoting charge collection. Many review articles on DSSCs already exist. 66, [68] [69] [70] [71] Here, we will focus on photoanode engineering by ALD.
B. Surface passivation by ALD to minimize charge recombination
A DSSC photoelectrode needs to satisfy the following requirements to maximize efficiency: (1) highly transparency in the visible to avoid competitive light absorption with the dye, (2) high surface area to enable high loading of surfaceattached sensitizers, (3) high carrier collection efficiency, and (4) long carrier diffusion length. Electrons injected from dye molecules into n-type semiconductors, e.g., TiO 2 , ZnO, SnO 2 , etc., need to be transported to the transparent conducting oxide current collector while avoiding recombination with the oxidized form of the redox shuttle, e.g., tri-iodide and dye. Charge recombination (or back electron transfer reactions) needs to be minimized in order to optimize the energy conversion efficiency of the DSSC.
, where D e is the electron diffusion coefficient and s e is the electron lifetime), is a key parameter used to optimize the nanostructured semiconductor film thickness (d), which needs to be smaller than L for quantitative collection of electrons through the film. On the other hand, to maximize light harvesting, d needs to be significantly larger than the light absorption length 1/a (where a ¼ c, where and c are the molar absorption coefficient and molar concentration of sensitizers, respectively). The unique nature of ALD has been creatively utilized by several groups to address this challenge.
In efficiency of a ZnO nanowire DSSC cell 72 and hybrid solar cell 73 with values up to 2.25% under 100 mW cm À2 air mass 1.5. The TiO 2 ALD layer 72 was believed to suppress recombination by surface passivation, and improve charge carrier collection by modifying the band bending between the TiO 2 and ZnO as presented in Fig. 5(b) . The authors also found that a thin layer of Al 2 O 3 ALD coating improved the open-circuit voltage of the ZnO nanowire DSSC cell, which was also attributed to the suppression of charge recombination. However, a large decrease in short-circuit current density was also observed due to the large energy barrier to charge transport introduced by the Al 2 O 3 layer, which reduced the overall energy conversion efficiency. Similarly, decreased current density was observed by Prasittichai et al. 74 when Al 2 O 3 was deposited with multiple ALD cycles on the SnO 2 photoanode in a DSSC cell. However, as shown in Fig. 5(c) , one cycle of Al 2 O 3 ALD passivated the SnO 2 photoelectrode and caused a slightly increased short circuit current density as well as approximately a two-fold increase in the open circuit photovoltage, 74 corresponding to an increased efficiency from 0.76 to 3.7 %. The authors ascribed this improvement to the passivation of surface states that existed in the SnO 2 by submonolayer ALD Al 2 O 3 ( < 1.5 Å ) deposited in a single cycle. 74 This result demonstrates the unique capability of the ALD for modifying electrode surface from both electronic and chemical aspects, compared with previous methods. 67 C. Nano-engineered photoelectrodes using ALD Nanowire based DSSC cells 72 offer a promising alternative to the traditional colloid-based TiO 2 cell due to high electron mobility and a simpler charge transport path; however, efficiency has been limited by the low surface area enhancement factor of the nanowires (i.e., total surface area/ projected surface area < 200 vs > 1000 for colloidal systems). Several strategies have been demonstrated to overcome this limitation. For example, Hamann et al. functionalized an inert high specific surface area silica aerogel (> 1000), shown in Fig. 5(d (Ref. 76) . ALD for application as the photoanode in DSSC and achieved energy conversion efficiency of $2.5 and 4.3 %, respectively. The efficiency is less than the optimized Gratzel cell with a similar area enhancement factor, 4 and is attributed to the lower diffusion rate of the redox shuttle within the aerogel matrix. 76 ALD films have also been deposited onto anodic aluminum oxide (AAO) membranes for solar cell devices. Martinson et al. showed that ZnO nanotubes could be grown conformally throughout the porous membrane for application as photoanode of a DSSC. 77 The surface area enhancement factor of the AAO membrane was $450, which could be further tuned with the pore size and depth. Furthermore, the multilayered structure of transparent conductor/semiconductor nanotube deposited onto AAO by ALD was shown to have better electron collecting behavior than the semiconductor alone owing to the radial electron collection by the transparent conductor underneath the semiconductor. 78 
D. Prospects for ALD in photoelectrochemical regenerative solar cells
As discussed above, ALD shows great promise to tune the photoanode properties in DSSCs. The most efficient DSSC cells have an absorbed photon-to-current efficiency close to unity, which indicates that there is very limited room to improve the overall efficiency by further optimizing carrier collection properties of the electrode. However, in order to optimize the DSSC to achieve efficiencies exceeding 11%, new dyes and new redox shuttles need to be implemented. Systematic optimization of the photoanode materials for improved dyes and redox shuttles may require new engineering approaches, where ALD could play an important role to, e.g., passivate surface states, introduce desired band energetics for carrier flow, and improve carrier lifetimes.
IV. ATOMIC LAYER DEPOSITION FOR ELECTROCHEMICAL ENERGY CONVERSION
Improving the efficiency of conversion of chemical energy into electrical energy presents a tremendous opportunity for the energy sustainability. Compared with normal turbines, fuel cells potentially offer a much higher energy conversion efficiency, less pollution, and lower green house gas emissions. 5 Similar to other types of electrochemical systems, electrodes and electrolyte are involved in fuel cells. To optimize fuel cell operating efficiency, new materials development is critical.
Solid oxide fuel cells (SOFCs), whose operating principle is shown schematically in Fig. 6(a) , using H 2 as the fuel source, have advantages of relatively flexible fuel composition, less noble metal catalyst required and less fuel crossover, in comparison with other types of fuel cells. 5 On the other hand, SOFCs suffer from high operating temperatures (500-1000 C) which are required to achieve sufficient ionic conductivity in the solid oxide electrolytes. operating temperature would be beneficial for practical applications including mobile electrical supplies, small stand-by power stations, etc. 79 However, this must be achieved without compromising the electrode kinetics or increasing the series resistance of the cell. In this regard, scaling the fuel cell components down to thin films ( < 1 lm) provides several advantages: 79 (1) lower ohmic loss from electrode and electrolytes due to the decreased area specific resistance from the decreased thickness, (2) increased ionic conductivity due to the reduced thickness and increased grain boundary area; and (3) improved reaction kinetics due to the enhanced reactant activation and exchange rates on the nanocrystal grain boundaries.
ALD has been shown as an effective method for helping address these materials related challenges in fuel cells. Cassir et al. provided a review of ALD work on SOFCs. 80 ALD has been used to synthesize thin ion conducting solid electrolytes, including yttria-stabilized zirconia (YSZ), a common electrolyte for SOFC. [81] [82] [83] [84] Shim et al. showed that the fuel cell fabricated with ALD YSZ electrolyte (60 nm thick) achieves a peak power density of 270 mW/cm 2 at 350 C, 82 which is greater than the power density (130 mW/cm 2 ) of a cell with sputter deposited YSZ electrolyte (50 nm thick) at the same temperatures. 85 The improved power density is possibly a result of the denser nanograin structure formed during ALD. 82 Doped CeO 2 electrolyte was also explored by ALD owing to its high ionic conductivity. Gourba et al. prepared Gadolinium (Gd) doped CeO 2 by ALD. 86 Ballée et al. showed that it is also possible to deposit Y 2 O 3 doped CeO 2 by ALD [ Fig. 6(b) ] with wellcontrolled stoichiometry. 87 Due to the capability of finely tuning the composition of alloy mixtures, ALD can tune electrolytes, such as YSZ, with an ultra thin layer of material with different electrical and ionic properties to enhance fuel cell performance. For instance, Chao et al. modified bulk YSZ electrolytes (8 mol. % of yttrium) with an ultrathin ($1 nm) YSZ film with higher yttrium mole ratio (19 mol. %) by ALD, which led to a 50% increase in power density. 88 Moreover, Fan et al. observed that fuel cell performance was improved by modifying the bulk YSZ electrolytes with a thin Y 2 O 3 doped CeO 2 ALD film. 89 These enhancement effects were ascribed to improved oxygen reduction and exchange properties of the ultrathin ALD layer compared with the underlying electrolytes. 88, 89 This interfacial modification is expected to improve other SOFCs and even other types of fuel cells. The capability of ALD for coating 3 D complex morphology has also been explored for a high surface area thin film SOFC for further efficiency improvements, as shown by the example in Fig. 6 (c) 90 and Fig. 6(d) . 91 The large electrochemically active surface area improved the peak power density. Due to the expanding list of materials available by ALD, it is expected that the number of engineered solid electrolytes with tuned properties such as thickness, doping, ionic, and electrical conductivity that are synthesized by ALD will continue to increase.
Compared with the studies of electrolyte development by ALD, limited research has been performed on electrode materials by ALD. Holme et al. developed an ALD process for LSM (La x Sr 1Àx MnO 3 ), which is a cathode material for SOFCs. 92 Another cathode material La x Ca 1Àx MnO 3 has been synthesized through ALD by Nilsen et al. 93 In addition to the application of ALD to electrodes and electrolytes in SOFCs, another exciting opportunity for ALD is to synthesize novel catalysts for more efficient SOFCs. Jiang et al. used ALD to deposit Pt catalysts and achieved comparable peak power densities with other Pt deposition methods. 94 A self-assembled monolayer patterned Pt film formed by ALD shows more efficient current collection. 94 Moreover, the capability of ALD to synthesize catalysts consisting of composites of noble metals 56, 58, 59 will benefit this field. More importantly, it would be very interesting to develop new ALD processes for synthesis of catalysts of nonprecious metals 7, 8, 10, 61 which will have the additional benefits of lowering dependence on expensive noble metals. This potential of ALD would benefit not only the SOFC, but also other types of fuel cells where noble metal catalysts are currently employed.
V. ATOMIC LAYER DEPOSITION FOR ELECTROCHEMICAL ENERGY STORAGE
In addition to the challenges of generation of clean primary energy, a closely related and interdependent issue is energy storage. 95 High capacitance energy storage with long lifetime is critical for next generation vehicles that do not rely on fossil fuel and is also important for renewable energy due to the temporal and spatial heterogeneity of sunlight, wind, ocean waves, etc.
3 Energy storage is also important for next generation mobile computing devices. Among the large family of energy storage technologies, lithium ion batteries represent the most promising technology due to their relatively high energy storage density [$200 Wh/kg (Ref. 96) ] and acceptable lifetime. 95, 96 Engineering materials to improve the power capacity and lifetime of the lithium ion battery continues to be a focus for this research field. 96 Similar to other electrochemical devices, lithium ion batteries also require well-engineered electrodes, electrolytes, and interfaces between the two. 96 In order to completely solve the challenges, a systematic optimization approach to materials development for all of those components is necessary. 96 There are already a lot of reviews on this topic. [95] [96] [97] Here we will focus on the application of ALD for addressing the problems faced by the lithium ion battery system.
It has been recognized that the solid-electrolyte interphase (SEI) formed during cycles of the lithiation reaction is one of the main causes of the degradation of electrodes. Side reactions during the cyclic charge/discharge processes also degrade the electrode capacitance. A thin coating onto the electrodes is an effective way to alleviate these effects. MoO 3 , 101 graphite, 102 and Si. 103, 104 The effect of an ultrathin Al 2 O 3 ALD coating on the durability and conductivity of these electrode materials depends strongly on its thickness. For example, with only two cycles of Al 2 O 3 ALD, LiCoO 2 displayed improved capacity retention (89%) compared with bare uncoated electrodes (45%) after 120 charge-discharge cycles under the same experimental conditions. 98 However, the capacity of LiCoO 2 decreased from $120 mAh/g to less than 20 mAh/g when the ALD Al 2 O 3 cycle increased from 6 to 10, which is ascribed to the dramatic impedance increase caused by the thicker layer. 98 Similar phenomena were observed for other electrode materials modified by ALD. 100 The complex morphology and large internal surface area of the electrodes makes ALD an excellent method for modifying these materials. As shown in Fig. 7(a) , dramatic improvements in durability have been achieved for ALDcoated graphite anodes in comparison to the bare graphite electrode and the electrode consisting of active graphite powder particles coated separately by ALD. This was ascribed to the unaffected interparticle electron conduction pathway and protected active powders surface in electrodes by ALD as illustrated in Fig. 7(b) . 102 Nanoscale materials have shown great promise for better durability than corresponding bulk electrode materials for lithium ion batteries electrodes. [105] [106] [107] Recently, ALD was further utilized to coat such as-fabricated composite electrodes consisting of nanoscale materials, such as LiCoO 2 and MoO 3 , binder and acetylene black. 99, 101 Figures 7(c) and 7(d) shows the interface between ALD coating and LiCoO 2 and the corresponding performance of the electrodes with different ALD treatments. 99 This principle could be adapted into other materials system, such as nanostructures of Si. [103] [104] [105] [106] [107] These observations highlight the capability of ALD for precision materials engineering in applications of lithium ion batteries. [98] [99] [100] [101] [102] 108, 109 In the meantime, we are reminded that in order to achieve further improvement, the detailed mechanism for the dramatic thickness dependent performance deserves further study, although some investigations are reported in the literature. 103, 110 In particular, the surface reaction mechanism of ALD onto the electrode materials needs to be investigated since ALD is highly dependent on the surface chemistry and other substrate conditions. 7, 8, 10 Furthermore, since two cycles of Al 2 O 3 ALD will not cover the surface completely 10, 98, 99 if we assume the ideal ALD scheme, it is very possible the Al-O simply passivates some surface defects sites, which are generally more energetic and easier for carrying out chemical reactions; therefore degrading the electrode performance through SEI formation during initial cycles. This surface passivation principle could be potentially adapted into other types of electrochemical energy storage devices, such as supercapacitors, for improving their durability, safety and capacitance. It is worth to note that, owing to its unique coating capability, ALD has recently been adapted for synthesis of active components for three dimensional all-solid-state lithium-ion microbattery. 111 Although only a few works has been done to date, [111] [112] [113] ALD will play an important role in the field in the near future.
VI. OUTLOOK
The preceding discussion shows ALD as a promising technique for electrochemical-based energy generation, conversion and storage. In order for ALD to achieve greater impact in both the scientific and practical energy research, some important issues must be addressed. We present next some key issues that in our opinion could be readily addressed.
A. In situ and in vacuo investigation of ALD process on electrochemically important substrates As has been discussed, 7-10 the substrate surface conditions, including reaction site type and density, crystal structure, and substrate chemistry, have dramatic effects on the materials growth behavior in ALD. [7] [8] [9] [10] Moreover, ALD process parameters, including reaction temperature, pressure, and precursor and coreactant chemistry, also dramatically influence the film quality, crystallinity and interfacial properties. [7] [8] [9] [10] Therefore, in order to achieve good control of the deposited film and the interface between an ALD coating and the underlying substrate, it is necessary to directly probe the surface reactions. Various in situ and in vacuo techniques provide the optimal means to explore these reactions. Techniques of interest include synchrotron x ray analysis, 114, 115 x ray photoelectron measurements, 116 quartz crystal microbalance analysis, 117 Fourier transform infrared spectroscopy, 118 scanning probe microscopy, 119 ellipsometry, and transmission electron microscopy 120 as well as electrical properties analysis. 121 These measurements will provide complementary information about the surface reactions and molecular processes of the ALD on the substrates, which in turn will help identify the right ALD process conditions for the desired materials and interfacial properties.
B. Exploring new ALD processes
One of the biggest advantages of ALD over other thin film deposition methods is its capability to coat high surface area substrates with complex morphologies and high aspect ratio features, which are commonly observed in electrochemical system, with an ultrathin, conformal and uniform materials. [7] [8] [9] [10] For such purposes, thermal ALD is preferred, because thermal energy can be delivered into substrates with high specific surface area much more uniformly than other energy sources, e.g., plasma and photon. In order to maintain the surface limited growth behavior and eliminate the less controllable thermal decomposition of reactants, the growth temperature of ALD is generally kept low enough (< 350 C) to prevent the precursor from decomposing. 7 The low deposition temperature can lead to inferior material quality, such as crystal structure, defects, low density and nonstoichiometric composition. Although plasma-based ALD has been adapted for improving material quality, the less conformal step coverage from plasma processes presents a challenge due to the lifetime of radicals.
Since the properties of ALD materials strongly depend on the chemistries used in the deposition, [7] [8] [9] [10] 122 new thermal ALD processes capable of better material quality need more attention. With past and current ALD development, most of the chemistries have been directly adapted from metalorganic chemical vapor deposition (MOCVD) processes. 10 Although ALD is closely related to MOCVD, there are dramatically different requirements for the precursors in each case. 122 For example, for ALD, metal-organic precursors need to have decomposition temperatures higher than the film growth temperatures, whereas in MOCVD growth temperatures often exceed the precursor decomposition temperature. [7] [8] [9] [10] 122 Moreover, precursors for ALD need to have specific reaction with surface reaction sites, and asgenerated surface sites must be reactive for subsequent surface reactions. This stipulation is not required for MOCVD processes. We expect that significant progress could be made if more specific research is devoted to developing ALD based metal-organic precursors.
With more than 40 years of development, ALD processes of a variety of different metals, metal oxides, metal nitrides, metal sulfides and other complex materials have been developed. 7, 8, 10 However, there are still some materials that are difficult to deposit by ALD, including electrochemically important materials such as Ag, Au, Cu, MnO 2 , IrO 2 , etc. This also requires the development of new ALD chemistries to enable its full usage in electrochemical applications.
An exciting development in ALD is to extend the layerby-layer heterogeneous molecular assembly reaction mode into synthesizing highly conformal ultrathin films of different classes of materials including organic, 123, 124 organicinorganic hybrid, [124] [125] [126] [127] [128] [129] [130] and porous coatings. 125, 129 This development would open up great yet-to-explored opportunities to organize organic and/or inorganic components in a vector mode for desired electron and charge transfer properties, 23 chemical properties, 123 and structural properties. 125, 129 Owing to the low deposition temperature of many ALD processes, it has also been demonstrated that ALD could be applied to organic substrates such as polymers [131] [132] [133] and biomaterials, 134 which provides another degree of flexibility for engineering materials of interest in electrochemical applications.
C. Cost reduction and economic evaluation of ALD processes for particular applications
As a highly sophisticated deposition process, ALD is generally considered a time consuming and high-cost process. The cost of the ALD process is primarily a result of the following: (1) the upfront equipment cost, (2) throughput, (3) maintenance of reactor, (4) precursor consumption, and (5) labor. The analysis of economic cost and sustainability of the ALD process is still a relatively unexplored area. For most ALD processes, (1)-(3) are the major components of the cost, especially, the throughput, which depends strongly on the reactor design. Typically, at C deposition temperature, Al 2 O 3 ALD process with trimethylaluminum/ H 2 O can grow materials at a rate of $1.2 Å /cycle and a cycle time of 2-5 s/cycle. The cycle time could be even longer for substrates with a high surface area. 64 It may take hours, even days, to grow hundreds of nanometer or micrometer thick films. Although operation of many ALD systems in parallel could alleviate this problem, it is obvious that for such thick films, ALD is not a very attractive option from an economic perspective. Moreover, in order to push the reaction to finish in a short time and achieve good step coverage, an excessive amount of precursor is generally used in the deposition process ($10   3   -10 6 Torrs/cycle), which means that the usage of precursor could be very low (< 0.1%) in ALD processes. Therefore, cost reduction for ALD processes is an essential topic that must be addressed for practical applications given that cost reduction is vital for the success of all the electrochemical energy related processes discussed above. Recently, we note that there is significant effort focused on new high throughput ALD processing techniques, including ALD at atmospheric pressure and in roll-to-roll processes that could eventually enable ALD to be achieved at high overall rate at very low cost. 135 
VII. SUMMARY
This article addresses the current state of knowledge for the application of atomic layer deposition in electrochemical systems, including PEC water splitting, PEC solar cell, electrocatalysis, fuel cells and batteries. Novel applications of new and unique capabilities of atomic layer deposition process for these systems are just now beginning to emerge. It is possible that ALD and related chemical synthesis approaches may provide a key technological advance that will help these environmentally sound energy generation and storage systems become more practical and more efficient, to improve the lives of future generations.
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